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The pubertal process is characterized by an activation of physiological events within the
hypothalamic-adenohypophyseal–gonadal axis which culminate in reproductive compe-
tence. Excessive weight gain and adiposity during the juvenile period is associated with
accelerated onset of puberty in females.The mechanisms and pathways by which excess
energy balance advances puberty are unclear, but appear to involve an early escape from
estradiol negative feedback and early initiation of high-frequency episodic gonadotropin-
releasing hormone (GnRH) secretion. Hypothalamic neurons, particularly neuropeptide Y
and proopiomelanocortin neurons are likely important components of the pathway sensing
and transmitting metabolic information to the control of GnRH secretion. Kisspeptin neu-
rons may also have a role as effector neurons integrating metabolic and gonadal steroid
feedback effects on GnRH secretion at the time of puberty. Recent studies indicate that
leptin-responsive neurons within the ventral premammillary nucleus play a critical role in
pubertal progression and challenge the relevance of kisspeptin neurons in this process.
Nevertheless, the nutritional control of puberty is likely to involve an integration of major
sensor and effector pathways that interact with modulatory circuitries for a ﬁne control
of GnRH neuron function. In this review, observations made in ruminant species are
emphasized for a comparative perspective.
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INTRODUCTION
Pubertal development involves physical and behavioral changes
that are linked to the activation of the hypothalamic-
adenohypophyseal–gonadal axis (Sisk and Foster,2004). The pro-
gression of events is controlled largely by genetic and environ-
mental factors, among which nutrition has a major inﬂuence.
Historically, most studies investigating the effects of nutrition on
pubertal development have used models that represent states of
nutrientormetabolicinsufﬁciency(FosterandOlster,1985;Man-
ningandBronson,1989;Suttieetal.,1991).However,evidencethat
excessive weight gain and adiposity during childhood are associ-
ated with early onset of puberty in girls (Lee et al., 2007; Jasik
and Lustig, 2008; Rosenﬁeld et al., 2009), and indications that
precocious puberty is associated with increased risks for develop-
ment of polycystic ovarian syndrome, reproductive cancers, and
psychological distress (Golub et al., 2008) has renewed interest
in understanding the mechanisms by which nutrient sufﬁciency
supports reproductive maturation.
Signals mediating nutritional and metabolic information are
perceived largely at the level of the hypothalamus (Schneider,
2004) and are likely integrated in structural and cellular net-
works that control various neuroendocrine functions, including
puberty. Although common mechanisms exist, functional differ-
ences among mammalian species add complexity to the ability to
extrapolate observations made in distinct animal models. In the
currentreview,wehavefocusedthediscussiononneuroendocrine
pathways known to regulate the onset of puberty in ruminant
species.Domesticruminantshavebeenusedextensivelyasanimal
models in neuroendocrine research and the ability to effectively
measure the temporal release of hypothalamic neuropeptides in
these species is a particularly relevant feature. In this review, an
overview of recent studies investigating the inﬂuence of elevated
body weight gain during the juvenile period on timing the onset
of puberty in ewe lambs and heifers is presented.
PUBERTY AS A NEUROENDOCRINE EVENT
The onset of puberty in females is characterized by an activation
of the hypothalamic-adenohypophyseal–gonadal axis that pre-
cedestheestablishmentof cyclicovarianactivity.Theperipubertal
increase in pulsatile release of gonadotropin-releasing hormone
(GnRH)andluteinizinghormone(LH)supportsﬁnalmaturation
of ovarian follicles and enhances ovarian steroidogenesis (Kinder
et al., 1987). Elevated circulating concentrations of estradiol
induce the preovulatory surge of GnRH/LH, which leads to ﬁrst
ovulation. During most of the juvenile period, the hypothalamic-
adenohypophyseal–gonadal axis remains relatively quiescent, and
the frequency of LH release is low (Foster and Jackson, 2006;
Plant and Witchel, 2006). A major limiting factor for increased
secretion of LH and development of preovulatory follicles during
the juvenile period is the lack of appropriate stimulation of the
gonadotropes by GnRH. This assertion is supported by the obser-
vation that ovarian function is stimulated in immature female
monkeys treated with GnRH (Wildt et al., 1980), and in lambs
treatedwithLH(Fosteretal.,1984).Becauseestradiolcanleadtoa
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surge-likereleaseof LHinprepubertalfemales(FosterandKarsch,
1975; Andrews and Ojeda, 1977), it is believed that the estradiol
positive feedback is functional before reproductive maturation is
established. However, the lack of an appropriate stimulatory sig-
nal that sustains elevated GnRH neuronal activity necessary for
continued ovarian function, or the presence of inhibitory signals
that restrain GnRH neuronal activity, may explain the infrequent
release of GnRH characteristic of the prepubertal period.
Increased sensitivity to estradiol negative feedback contributes
totheinhibitionof GnRHreleaseinewelambsandheifers(Foster
and Ryan, 1979; Day et al., 1984). The ability of low circulat-
ing concentrations of estradiol to inhibit the pulsatile release
of LH is diminished during maturation, and frequency of LH
pulses increases (Ebling et al., 1990). In primates, the frequency
of episodic release of LH is low during a substantial portion
of the juvenile period independent of gonadal inﬂuence (Pohl
et al., 1995). However, estradiol-dependent maintenance of low
gonadotropin secretion becomes relevant later during juvenile
development (Pohl et al., 1995), and changes in estradiol neg-
ative feedback seem to also play a role in the establishment of
heightened frequency of LH release in primates.
METABOLIC-SENSING PATHWAYS MEDIATING THE
NUTRITIONAL CONTROL OF PUBERTAL DEVELOPMENT
Adequategrowthandadiposityarecriticalfornormalprogression
of puberty in mammals. Growth restriction (Foster and Olster,
1985; Suttie et al., 1991) and excessive exercise (Manning and
Bronson, 1989; Malina, 1994) during the juvenile period delay
puberty, likely by decreasing the release of GnRH (I’Anson et al.,
2000) in association with heightened negative feedback sensitivity
to estradiol (Foster and Olster, 1985). In contrast, increased adi-
posityseemstofacilitatereproductivematurationandadvancethe
onset of puberty (Kaplowitz et al., 2001; Lee et al., 2007; Rosen-
ﬁeld et al., 2009). In cattle, a high proportion of heifers fed to
gain weight at high rates during the juvenile period exhibit preco-
ciouspuberty(Gasseretal.,2006a,b).Thisoccurrenceisassociated
withattenuationof estradiolnegativefeedbackandincreasedpul-
satile release of LH (Gasser et al., 2006a). Therefore, nutritional
cues interact with gonadal steroid feedback to time the onset of
puberty in females.
Studies investigating adiposity and adipocyte-derived hor-
mones as essential factors for the initiation of puberty have
revealed that leptin, a hormone secreted predominantly by
adipocytes,hasacriticalrolefortheprogressionof pubertyinvar-
ious species, including ruminants (Zieba et al., 2005). Although
leptin does not affect secretion of LH in adequately fed ewes
(Henry et al., 1999) and cows (Amstalden et al., 2002), leptin
prevents fasting-induced reduction in LH pulsatility in prepuber-
tal heifers (Maciel et al., 2004). Because in mice GnRH neurons
are not affected by leptin directly (Quennell et al., 2009), leptin’s
actions on GnRH/LH release in ruminants are likely mediated
byintermediatepathways.Inadditiontoleptin,informationfrom
otherhormones(e.g.,insulinandghrelin)andnutrients(e.g.,glu-
cose,fatty acids,and amino acids) is also likely to be integrated in
a complex neural network that perceive and signal availability of
metabolicfuelstothecontrolofreproductivefunction(Schneider,
2004).
Critical neuronal pathways mediating signals of nutrient suf-
ﬁciency and insufﬁciency have been identiﬁed. Hypothalamic
neuropeptide Y (NPY)/agouti-related protein (AgRP) neurons,
andproopiomelanocortin(POMC)neuronsareconsideredmajor
pathways by which nutritional signals are effected (Crown et al.,
2007).Thesepopulationsofneuronsinthearcuatenucleusexpress
theleptinreceptorandareresponsivetochangesinnutritionalsta-
tus (Kalra and Kalra, 2003). Speciﬁcally, NPY has been shown to
mediate the inhibitory effects of undernutrition on reproductive
function (Kalra and Crowley, 1984). Contrary to rats in which
NPY has both stimulatory and inhibitory effects on LH release
depending on gonadal steroid milieu (Sahu et al., 1987), NPY has
a predominant inhibitory action on the release of LH in rumi-
nants in the presence and absence of estradiol (Gazal et al., 1998;
Estrada et al., 2003; Morrison et al., 2003). This effect of NPY has
beenshowntobelargelyduetoinhibitionof GnRHrelease(Gazal
etal.,1998)andmaybemediatedbydirectNPYactionsonGnRH
neurons (Klenke et al.,2010).
Intact juvenile female rats chronically exposed to NPY exhibit
delayed sexual maturation (Catzeﬂies et al., 1993), and this effect
may be mediated by the Y1 receptor (El Majdoubi et al., 2000;
Pralong et al., 2000). Such observations indicate that a break in
NPY inhibition may be critical for the peripubertal initiation of
high-frequency, episodic release of GnRH. It is unclear, however,
whetherincreasedgrowthandadiposityduringthejuvenileperiod
has an impact on NPY restraint of GnRH release. The number of
NPY neurons and NPY content in the arcuate nucleus of male,
juvenile rats reared in small litters to promote over nutrition
does not differ from those of rats reared in normal-size litters
(Plagemann et al., 1999). We recently began to investigate the
role of hypothalamic NPY circuitry in controlling early onset
of puberty in an animal model in which elevated body weight
gain during the juvenile period accelerates puberty (Gasser et al.,
2006a,b). In juvenile heifers that gained body weight at a high
rate between 4 and 6.5 months of age, the expression of NPY
in the arcuate nucleus was decreased compared to heifers that
gained weight at lower rates (Allen et al., 2009). Using a sim-
ilar dietary treatment, we also observed that the proportion of
GnRH neurons in close proximity to NPY ﬁbers in the preop-
tic area and hypothalamus was reduced in heifers gaining body
weight at high rates (Alves et al., 2011). Interestingly, these struc-
tural changes in the NPY circuitry seem to be more evident in
GnRH neurons located in the mediobasal hypothalamus. In this
region, the proportion of GnRH neurons highly innervated by
NPY ﬁbers was reduced by ∼50% in heifers gaining weight at
high rates (Alves et al., 2011). It is important to note that both
groups of heifers were in positive nutrient balance and had nutri-
ent requirements for growth met, except that they differed in the
target rate of gain. In mice, there is evidence that neural projec-
tions originating in the arcuate nucleus are regulated by leptin
during early postnatal development (Bouret et al., 2004a), and
that changes observed in leptin-sensitive hypothalamic neurocir-
cuitry may involve NPY neurons (Bouret et al.,2004b). Therefore,
structural and functional changes involving hypothalamic NPY
circuitry during the early juvenile period may be involved in the
mechanisms by which excessive nutrition and adiposity support
early onset of puberty.
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The melanocortin system is also considered to have an impor-
tant role in mediating the neuroendocrine control of metabo-
lism and reproductive function (Schneider, 2004). Melanocyte-
stimulating hormone alpha (α-MSH), one of the products of
the proopiomelanocortin (POMC) gene in the hypothalamus,
is considered a primary effector. Leptin stimulates the expres-
sion of POMC mRNA in mice, rats and sheep (Schwartz et al.,
1997; Backholer et al.,2010),and a melanocortin receptor agonist
(MTII) stimulates LH release in undernourished,ovariectomized,
hypogonadotropic ewes (Backholer et al., 2010). The effects of
melanocortins in stimulating hypothalamic–hypophyseal func-
tion seem to be mediated primarily by the melanocortin receptor
type 4 (MC-4) because a MC-4 selective antagonist blocked the
leptin-induced LH release in fasted rats (Watanobe et al., 1999).
AlthoughMC-4isexpressedinGT1-1cells,aGnRH-secretingcell
line(Khongetal.,2001),itisunclearwhetherGnRHneuronscon-
tainmelanocortinreceptor.Nevertheless,theendogenousantago-
nist of melanocortin receptors,AgRP,has also been demonstrated
to alter gonadotropin release. In ovariectomized, estradiol, and
progesterone-primed rats, AgRP abolishes the LH surge (Schioth
etal.,2001),andinovariectomized,adultrhesusmonkeys,admin-
istration of AgRP suppresses episodic LH release (Vulliémoz et al.,
2005).
Agouti-related protein and NPY are co-expressed in neurons
within the arcuate nucleus (Broberger et al., 1998), and leptin
treatment decreases expression of NPY and AGRP in the arcuate
nucleus of adult rats (Ahima et al.,1999). Interestingly,leptin was
ineffective in regulating NPY and AGRP expression in neonatal
mice (Ahima and Hileman, 2000), indicating that leptin’s effect
on expression of those genes may be developmentally regulated.
However, leptin appears to be critical for development of hypo-
thalamic neuronal projections during the early postnatal period
in mice and rats (Bouret et al.,2004a,2008),and activates POMC
neurons in the arcuate nucleus early during the postnatal period
inmice(Bouretetal.,2004b).Inourstudiesinprepubertalheifers,
AGRP mRNAabundanceinthehypothalamuswaslowerinheifers
that gained body weight at high rates during the juvenile period
(Allen et al., 2009). In contrast, POMC mRNA abundance in the
arcuate nucleus was increased in heifers gaining weight at high
rates (Allen et al., unpublished). Interestingly, these changes in
gene expression were associated with an increase in circulating
concentrations of leptin in heifers gaining weight at high rates
(Allen et al., 2009;Alves et al., 2011).
In a study using hypothalamic tissue from non-human pri-
mates and rats, Roth et al. (2007) suggested that a network of
genes involved in a range of cellular functions, including con-
trol of transcription and cellular metabolism, is activated at the
time of puberty. In a recent study using microarray technology
to investigate changes in gene expression in the arcuate nucleus
of prepubertal heifers fed to gain weight at high or low rates,
we observed that genes involved in a variety of biological func-
tionsareresponsivetonutritionalinputduringthejuvenileperiod
(Allenetal.,unpublished).Differentially-regulatedgenesincluded
those associated with regulation of cellular metabolic processes,
receptor and intracellular signaling, and neuronal communica-
tion.Therefore,theprepubertal,growingfemaleseemsexquisitely
sensitive to nutrient inputs because changes in the regulation of
metabolic-sensing and effector pathways are in tune for the ﬁne
control of neuroendocrine functions. Mechanisms involved may
includeregulationofgeneexpression,controlofcellularfunctions,
and plasticity of functional structures within the hypothalamus.
ROLE OF KISSPEPTIN IN MEDIATING NUTRITIONAL
ACCELERATION OF ONSET OF PUBERTY
Observations that mutations in the kisspeptin receptor result in
hypogonadotropichypogonadisminhumans(deRouxetal.,2003;
Seminara et al., 2003) has implicated kisspeptin in the control of
reproductivefunction.Inmice,dysfunctionof kisspeptinreceptor
leads to decreased gonadal development and impairment in tim-
ing of pubertal onset (de Roux et al., 2003; Seminara et al., 2003).
Actions of kisspeptin on regulation of reproductive functions
appear to be mainly by its direct effects on GnRH release (Caraty
et al., 2007). Kisspeptin is a potent stimulator of LH secretion
in mature (Caraty et al., 2007) and prepubertal females (Navarro
et al., 2004; Kadokawa et al., 2008; Redmond et al., 2011a). In
prepubertalrats,kisspeptintreatmentinducesearlyvaginalcanal-
ization (Navarro et al., 2004), indicating that puberty may be
advanced by exogenous kisspeptin. In ewe lambs, intermittent
injections of kisspeptin increase ovarian steroidogenesis and leads
toapreovulatorysurgeof LHthatisfollowedbyovulation/follicle
luteinization (Redmond et al.,2011a).
Studieshaveimplicatedkisspeptininmediatingthenutritional
control of reproduction. Feed restriction decreases KISS1 mRNA
in the hypothalamus of prepubertal rats and kisspeptin treatment
alleviates undernutrition-induced delayed puberty in female rats
(Castellano et al., 2005). In addition, rats reared in small lit-
ters to allow elevated body weight gain during the prepubertal
period exhibit early onset of vaginal opening, increased KISS1
expression,and greater number of kisspeptin neurons (Castellano
et al., 2011). Although leptin signaling is considered important
for pubertal development, the requirement for direct leptin sig-
naling on kisspeptin neurons has been challenged recently. A
study by Quennell et al. (2011) demonstrated that leptin induc-
tion of STAT3 phosphorylation, a major intracellular signaling
mechanism induced by leptin, is absent in kisspeptin neurons.
Furthermore, Donato et al. (2011) demonstrated that deletion of
leptin receptor in kisspeptin neurons does not impair the onset of
puberty in mice. Interestingly,the ventral premammillary nucleus
appearstohaveamajorroleinmediatingleptin’spermissiveeffects
fornormalreproductivematurationinmice(Donatoetal.,2011).
Because the premammillary region has been involved in the sea-
sonal control of reproduction in sheep (Malpaux et al.,1998),this
hypothalamic region may serve to integrate metabolic and pho-
toperiodic cues important for the onset of puberty in seasonal
species.
It remains to be determined whether kisspeptin-independent
actions of leptin on pubertal development observed in mice are
conserved in other mammalian species. Nevertheless, intermedi-
ate pathways can be involved and the NPY system represents a
potential candidate. Neuronal ﬁbers containing NPY are observed
in close proximity to kisspeptin neurons in sheep (Backholer
et al., 2010). Recent studies in our laboratory indicated that
this structural association between NPY and kisspeptin neurons
may represent synaptic inputs (Figure 1; unpublished). However,
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FIGURE 1 | Confocal images (1-μm optical section) of a tissue section
through the arcuate nucleus processed for triple-label
immunoﬂuorescent detection of kisspeptin (Kiss), neuropeptideY (NPY),
and synaptophysin (Syn). Immunoreactive kisspeptin soma and dendrites
(blue) are observed in close proximity to NPY- [gren; (A)] and synaptophysin-
[red; (B)] positive axons. (C) Synaptophysin colocalization in NPY axons that
are in close proximity to kisspeptin neurons. Arrows indicate examples of
NPY/synaptophysin-positive terminals. Scale bar, 20μm.
preliminary data indicated that the number of close contacts
betweenNPY-containingﬁbersandkisspeptinneuronsinthepre-
optic area and arcuate nucleus did not differ between ewe lambs
fed to gain weight at high and moderate rates during the juvenile
period (unpublished). Therefore, it is unclear whether regulation
of the NPY-kisspeptin circuitry may contribute to mechanisms
leading to the activation of kisspeptin neurons during pubertal
development.
Expression of the KISS1 gene increases during puberty in mice
(Han et al., 2005), rats (Navarro et al., 2004), and monkeys (Sha-
hab et al., 2005). In juvenile rats, the increase in KISS1 expression
was associated with increased frequency of LH pulses (Takase
et al., 2009). In ovariectomized, estradiol-replaced ewe lambs,
an increase in the number of KISS1-expressing cells is observed
in the preoptic area early during the juvenile period (Redmond
et al., 2011b), but these changes are unrelated to changes in
the frequency of LH release. In contrast, the number of KISS1-
expressing cells in the arcuate nucleus increases with acceleration
of pulsatile LH release characteristic of pubertal development. A
recent study has questioned the relevance of kisspeptin neurons
for the establishment of reproductive function in mice (Mayer
and Boehm, 2011). In that study, mice with genetic ablation of
kisspeptin neurons, or ablation of kisspeptin receptor in neurons
during fetal development exhibited normal fertility. In contrast,
ablation of kisspeptin neurons in adult mice impaired normal
cyclicity (Mayer and Boehm, 2011). Therefore, compensatory
mechanisms and pathways may develop during fetal development
intheabsenceof kisspeptinneurons.Furtherstudiesshoulddeter-
mineifthepubertalonsetofhigh-frequencypulsatilereleaseofLH
involvesactivationof kisspeptinneuronsasdownstreamtargetsof
pathways integrating estradiol negative feedback and nutritional
information.
CONCLUSION
The discovery of a link between excessive nutrient intake/weight
gainduringtheinfantile/juvenileperiodandearlyonsetofpuberty
FIGURE 2 | Model for pathways mediating the nutritional regulation of
GnRH release during pubertal development. Signals of nutrient
sufﬁciency such as hormones (e.g., leptin) and metabolites are perceived
by metabolic-sensing neurons in the hypothalamus (e.g., NPY/AgRP and
POMC neurons) that project directly to GnRH neuron soma and dendrites,
and/or terminals in the median eminence (ME; not represented). NPY/AgRP
and POMC neurons may also regulate GnRH neurons indirectly via
kisspeptin neurons. Neurons in the premammillary nucleus could also
represent a leptin-sensitive pathway for regulation of GnRH neurons during
pubertal transition, but neuronal phenotype and hypothetical projections
(green dashed lines) are yet to be characterized. Direct action of leptin on
kisspeptin neurons (black dashed line) is unlikely to represent a major
pathway. Accelerated growth and adiposity during the juvenile period
hastens the peripubertal activation of GnRH neurons by reducing inhibitory
signals (e.g., NPY) and enhancing stimulatory signals (e.g., kisspeptin,
POMC-derived peptides), and leads to increased frequency of episodic
release of GnRH and early onset of puberty.
has exacerbated concerns of childhood obesity. Mechanisms
mediating the nutritional acceleration of puberty involve an
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integrationof metabolicsensorsandeffectors,largelyatthehypo-
thalamic level. Leptin is likely to be involved in this process
and may signal at multiple hypothalamic and cellular targets.
The NPY system is a strong candidate for mediating leptin and
other nutritional/metabolic signals that inﬂuence GnRH neu-
rosecretion in ruminants. NPY may exert its effects through
direct inputs on GnRH neurons and/or indirectly via interme-
diate pathways such as kisspeptin neurons (Figure 2). Other
cells (e.g., POMC neurons) may also be involved. Whether the
premammillary region of the hypothalamus has a role in medi-
ating leptin’s effects in ruminant species, as demonstrated in
mice, remains to be determined. Ultimately, hypothalamic gene
expression is affected by nutritional inputs, and the regulation of
expression of a network of genes and their products affect cellu-
lar and structural functions that are critical for timing puberty in
mammals.
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